Hemangioendotheliomas are classified as endothelial cell tumors, which are the most common soft tissue tumors in infants. In a murine model of hemangioendothelioma, we previously showed that MCP-1 is required for its development and that the expression of MCP-1 in EOMA cells is redox sensitive. Here, we sought to identify the source of oxidants that drive hemangioendothelioma formation. Seven known isoforms exist of the catalytic subunit gp91. Only the nox-4 isoform of gp91 was present in EOMA cells, in contrast with non-tumor-forming murine endothelial cells that contained multiple forms of nox. Nox-4 knockdown markedly attenuated MCP-1 expression and hemangioendothelioma formation. We report that in EOMA cells, nox-4 is localized such that it delivers H 2 O 2 to the nuclear compartment. Such delivery of H 2 O 2 causes oxidative modification of DNA, which can be detected in the urine of tumor-bearing mice as 8-hydroxy-2-deoxyguanosine. Iron chelation by in vivo administration of deferoxamine improved tumor outcomes. The current state of information connects nox-4 to MCP-1 to form a major axis of control that regulates the fate of hemangioendothelioma development in vivo. Antioxid. Redox Signal. 12, 933-943.
Introduction
H emangiomas are the most common soft tissue tumor in infants, affecting 3 to 10% of all infants (16, 35, 37) . Hemangiomas are a clonal proliferation of a transformed endothelial cell and are classified as endothelial cell tumors (8) . The classification of endothelial cell tumors also includes hemangioendotheliomas, which are much rarer, but the pharmacologic regimens for treating both hemangiomas and hemangioendotheliomas are exactly the same. Like many other solid tumors, endothelial cell tumors express monocyte chemoattractant protein-1 (MCP-1) (25) . The extent of macrophage infiltration in solid tumors generally correlates directly with tumor progression, as macrophages are obligate partners in making possible angiogenesis, malignant cell migration, invasion, and metastases (10, 40) . These conclusions are based not only on correlations observed in clinical studies, but also on experimental evidence that shows that ablation of macrophage function or infiltration into experimental tumors inhibits growth and metastases (20, 31, 32) . By using a validated murine endothelial (EOMA) cell tumor model, we previously demonstrated that MCP-1 protein expression in EOMA cells is redox sensitive, that MCP-1 expression is required for endothelial cell (EC) tumor formation, and that antioxidant treatments directed at inhibiting MCP-1 expression in EOMA cells can decrease EC tumor incidence, size, and mortality (2, (19) (20) (21) . In this work, we sought to identify the source of oxidants stimulating MCP-1 expression in EOMA cells because understanding the signaling mechanisms that result in MCP-1 expression will provide greater insight into the underlying pathologic processes that make EC tumor formation possible.
Materials and Methods

Cell culture
Murine aortic endothelial (MAE) cells were maintained under the same conditions as EOMA cells, as previously described (19) (20) (21) . In brief, EOMA cells (www.atcc.org) are maintained in DMEM supplemented with 10% fetal calf serum (FCS) and 1% penicillin=streptomycin, also referred to as normal growth medium (NGM), and incubated at 378C and 5% CO 2 . siRNA sequences were obtained from Dharmacon for either nox-4 or control=scrambled siRNA. Transfections were performed by using ON-TARGET plus and SMART pool technologies (Dharmacon) in which four different sets of nox-4 siRNA sequences are pooled together for transfection to increase specificity. EOMA cells were transiently transfected by using DharmaFECT 1, according to the manufacturer's protocol (Dharmacon, Lafayette, CO). EOMA cells were stably transfected with 58-bp lentiviral shRNA particles (Sigma, St. Louis, MO) for either nox-4 shRNA: (5 0 -CCGGGCATT AGTCTTAACCAGACATCTCGAGATGTCTGGTTAAGACT AATGCTTTTTG-3 0 ) or control=scrambled shRNA. EOMA cells EOMA cells (7Â10 4 cells=well) were seeded in 12 well plates with 1 ml of media containing 8 mg=ml of hexadimethrine bromide (Sigma). Lentiviral particles were added at 2, 10, or 50 multiplicity of infection (MOI) into 110 ml of media containing 8 mg=ml of hexadimethrine bromide. Media was changed every 24 h by using NGM for the next 5 days. At 48 h, puromycin was added at 2.0 mg=ml, and at day 5 after transfection, surviving clones were isolated and maintained in NGM þ 2 mg=ml puromycin. Effective knockdown of nox-4 with either form of RNA interference was confirmed by realtime PCR and Western blot.
In vivo studies
Mice were fed standard chow and water ad libitum and housed in clean environments in compliance with Institutional Laboratory Animal Care and Use Committee guidelines. Female 129P=3 mice ( Jackson Laboratories, Bar Harbor, ME) between 6 and 8 weeks of age and weighing 15 to 20 grams received subcutaneous injection of EOMA cells, as previously described (21) . Subcutaneous injection of EOMA cells results in formation of an EC tumor histologically classified as a kaposiform hemangioendothelioma (KHE). Serum samples were obtained by retroorbital bleed before EOMA cell injection to determine baseline oxidative measurements. Urine specimens were collected by placing mice in sterile cages containing water bottles, but no bedding. Urine was collected from the bottom of the cage every 2 h over the course of an 8-h day by aspirating isolated pools of urine on the bottom of the cage that were free of contamination with feces or other debris. Urine samples were spun at 2,500 gÂ10 min and stored at À808C until ready for use. Tumor volume was determined by using calipers to measure lengthÂwidthÂheight of each tumor, and the mass was determined by draining the blood from the tumor and weighing the residual solid tumor mass dissected free from any surrounding soft tissue.
Single-cell microinjection
EOMA cells (1.5Â10 5 =plate) were grown in NGM on 35-mm plates 24 h before microinjection. Microinjection was performed by using a micromanipulator Femtojet B 5247 and Injectman NI 2 (Eppendorf, Hamburg, Germany) with 80 hectopascal (hPA) of pressure and 0.2-s duration. The compensation pressure during injection was 40 hPa. The glass micropipettes were made from GD-1 glass capillaries (Narishige, Tokyo, Japan) by using a Narishige PC-10 Puller with heater set at 52.78C. Catalase (0.1 milliunits=cell) was microinjected into either cytoplasm or nucleus of EOMA cells and then immediately injected with DCF(125 attomoles=cell). All DCF was delivered by cytoplasmic injection. Catalase (Sigma) was co-injected with QDot streptavidin conjugate (Invitrogen, Carlsbad, CA) with the emission maximum near 605 nm. QDot streptavidin conjugate was used as a fluorescent marker to localize the injection site. Digital images were collected by using a specialized phase contrast as well as a fluorescent Zeiss Axiovert 200M microscope suited for imaging cells grown in routine culture plates. The sample stage was maintained at 378C, and the sample gas environment was maintained exactly as in the culture incubator. Fluorescence densitometry was calculated by using AxioVision LE software version 3.1 (www.zeiss.com).
Western blot
Immunoblotting was performed by using EOMA cell lysates with 50 mg protein=nox-4 sample and 10 mg protein= beta-actin sample transferred to nitrocellulose membranes. A rabbit polyclonal anti-nox-4 antibody (Novus Biologicals, Littleton, CO) was used at a 1:500 dilution. Bands were visualized by using horseradish peroxidase-conjugated anti-rabbit IgG (Amersham Biosciences) at 1:2,000 dilution and the enhanced chemiluminescence assay (Amersham Biosciences, Piscataway, NJ), according to the manufacturer's instructions.
Flow-cytometry detection of oxidants
Cells were seeded in 12-well plates at 10 5 cells=well, incubated overnight, and collected by trypsinization with each individual well resuspended in 200 ml PBS and tubes placed on ice. For detection of DCF oxidation, a 200-ml aliquot of 40 mM 5-(and-6)-carboxy-2 0 ,7 0 dichlorofluorescein-diacetate (DCF) (Invitrogen) in PBS was added to each tube, mixed by pipetting, incubated in a 378C water bath, and placed on ice and protected from light. DCF oxidation was detected by using an Accuri C6 Flow Cytometer (Accuri, Ann Arbor, MI) on the FL1 channel (530-nm emission detection) setting with a gated sample size of 10,000 cells. For detection of superoxide production in cells, the same protocol was used, except that cells were incubated with 10 mM dihydroethidium (DHE) (Invitrogen), and the flow-cytometer settings were channel FL2 (585-nm emission detection).
Nox-4 immunolocalization
EOMA cells (4Â10 4 cells=well) were placed on a 12-mm glass coverslip (Fisher) placed in a 12-well culture dish, covered with NGM, and incubated for 24 h. Cells were permeabilized by adding 0.1% Triton X-100 in PBS and then washed thrice with PBS. The cells were then incubated with 10% bovine serum albumin in PBS for 1 h at room temperature. The primary antibody used was a rabbit polyclonal anti-nox-4 antibody (Novus Biologicals), and it was added at 1:70 dilution in PBS. Cells were washed thrice with PBS and the secondary antibody Alexa Fluor green 488 goat anti-rabbit IgG (Invitrogen) added at 1:500 dilution and incubated at room temperature for 45 min. The nucleus was then counterstained by adding 1:10,000 dilution of DAPI (Invitrogen) to each well and incubated for 2 min. The coverslips were placed on glass microscope slides with fluorescence mounting medium (Vector Laboratories), and images were obtained with green and blue filters on a Zeiss 200M Axiovert microscope at 200Â magnification.
mRNA quantification
Total RNA was isolated from cells by using the Absolutely RNA Miniprep kit (Stratagene). mRNA was reversed transcribed to cDNA by using SuperScript III First-Strand 934 GORDILLO ET AL.
Synthesis System for RT-PCR (Invitrogen). The abundance of mRNA for genes of interest was quantified by using real-time polymerase chain reaction (PCR) with double-stranded DNAbinding dye SYBR green-I. The following primer sets (Invitrogen) were used: 
Hydrogen peroxide assay
Amplex red assay was performed according to the manufacturer's instructions (Invitrogen). In brief, cells were grown in 12-well plates at 1Â10 5 cells=well in phenol red-free DMEM þ 10% FCS and 1% pen=strep. Cells were incubated for 24 h, and then Amplex red assay was performed. Spectrophotometric readings were obtained at 530-nm excitation and 590-nm fluorescence detection by using a Bio-TEK ELX 808IU microplate reader (Bio-TEK Instruments).
Detection of 8-OHdG
Urine samples were thawed on ice, and an 8-OHdG ELISAbased assay was performed according to the manufacturer's instructions (BioVendor). In brief, 40 ml of urine was added to 120 ml of antibody diluent, and a 50-ml aliquot of this solution plus 50 ml of primary antibody solution was added to a 96-well plate. The plate was sealed and incubated at 48C overnight. Next, the plate was washed thrice, and 100 ml of secondary antibody was added and incubated for 1 h at room temperature. The plate was washed thrice and incubated with 100 ml of horseradish peroxidase solution for 15 min before a stop solution was added. Spectrophotometric readings were obtained at OD 450 nm by using a Bio-TEK ELX 808IU microplate reader (Bio-TEK Instruments).
Cell-cycle analysis
Cell cycles were synchronized by serum starving with DMEM þ 0.5% FCS þ 1% pen=strep for 48 h before performing cell-cycle analysis with propidium iodide (26) by using CellQuest software (BD Biosciences).
MCP-1 ELISA
EOMA cells were seeded in 12-well plates at 8Â10 4 cells=well. MCP-1 ELISA was performed on cell supernatants by using the CCL2=JE=MCP-1 Quantikine ELISA kit (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Absorbance was detected at 450 nm. Bio-Rad protein assay was performed on an aliquot of all tested samples and the results standardized per milligram of protein.
BrdU assay
EOMA cells in 100 ml NGM were seeded in flat-bottom 96-well culture plates at 3,000 cells=well and incubated overnight. ELISA-based BrdU assay was performed according to the manufacturer's instructions (Roche, Indianapolis, IN). Once the colorimetric substrate was added, incubation was kept to <5 min, and absorbance was read at 450 nm by using a Bio-TEK ELX 808IU microplate reader.
Matrigel angiogenesis assay
EOMA cells were trypsinized, resuspended in media at 6Â10 4 cells=ml, and 500 ml of cell suspension was seeded on growth factor-reduced, phenol red-free Matrigel (BD Biosciences, Bedford, MA), prepared according to the manufacturer's instructions in four-well tissue-culture plates (Nunc, Rochester, NY). The cells placed on Matrigel were incubated at 378C and 5% CO 2 overnight. Cell cytoplasms were fluorescently stained by adding 0.5 ml of Calcein AM (Invitrogen) (8.3 mg=ml DMSO) to each well and incubating at 378C and 5% CO 2 for 15 to 60 min. Fluorescent images were obtained immediately by using a Zeiss Axiovert 200M microscope. Tube formation was quantified by examining three images per well by using AxioVision LE software version 3.1 (www.zeiss. com) to measure total area within the tubes for a standard 50Â magnification image.
Statistical methods
Data for all figures are presented as the mean AE standard deviation. For all figures, except Fig. 10a , two-tailed t tests were performed (Microsoft Excel). Figure 10a required comparisons between multiple groups, so analysis of variance (ANOVA) was performed. When F values were significant, a post hoc analysis by using a Kruskal-Wallace test was also performed. All calculations were performed by using SPSS software (SPSS, Chicago, IL) A p value <0.05 was considered significant.
Results
Oxidative stress is widely accepted as contributing to the neoplastic transformation process. We sought to determine whether excess oxidant production was present in EOMA cells. We compared the incidence of oxidant load in EOMA cells versus MAE cells. MAE cells were selected because they are murine endothelial cells that are transformed with regard to their ability to propagate in culture, just like EOMA cells. However, EOMA cells but not MAE cells can make a tumor when injected subcutaneously into mice. DCF is a nonspecific indicator of oxidant load in cells. Flow-cytometry results indicated that DCF oxidation was significantly greater in EOMA cells compared with results from MAE cells (Fig. 1a) . The major source of reactive oxygen species (ROS) in ECs is NADPH oxidase (3, 18) . The reaction catalyzed by NADPH oxidase is the reduction of molecular oxygen to superoxide (O 2 À ), which is a highly unstable product that can dismutate into hydrogen peroxide (H 2 O 2 ) either enzymatically or spontaneously. Flow cytometry was used to measure the oxidation of DHE, which occurs specifically in response to superoxide production (28, 38) . Although EOMA cells showed more DCF oxidation, when tested with DHE, these cells showed lower DHE oxidation, indicating lower levels of NOX-4 STIMULATES HEMANGIOENDOTHELIOMA GROWTHsuperoxide compared with MAE (Fig. 1b) . These observations also suggest that the DCF oxidation signal noted in EOMA cells was not contributed by superoxide anion radicals. Indeed, quantitative measurements of H 2 O 2 by using the Amplex red assay showed that H 2 O 2 accounted for a large fraction of the DCF oxidation signal (Fig. 1c) .
To investigate the source of ROS produced by these cells, we sought to determine the abundance of NADPH oxidase enzyme components in each cell type. Real-time PCR was used to screen for the six known isoforms of gp91 present in rodents and to determine which ones were present in these cells. Strikingly, only the nox-4 isoform was detectable in EOMA cells (see Fig. 2a ). In contrast, the non-tumor-forming MAE cells had multiple forms of nox in appreciable abundance (Fig. 2b) . This observation on MAE cells is consistent with previously published reports of gp91 isoforms present in ECs.
Quantitative PCR results showed that EOMA cells contain nox-4 mRNA levels 68 times greater than those present in MAE cells (Fig. 2c) . These results support the findings reported in Fig. 1 because nox-4 is unique among the gp91 isoforms. It is the only isoform of gp91 that is constitutively active, and the only bioavailable form of ROS generated as a result of its activity is H 2 O 2 and not superoxide (5, 14) . Thus, the gp91 profile explains the lack of superoxide activity in EOMA cells.
An RNA interference approach was used to test whether nox-4 indeed regulates H 2 O 2 production in EOMA cells. EOMA cells subjected to nox-4 knockdown showed 50% attenuation in DCF oxidation, suggesting that nox-4 is a significant contributor to DCF-sensitive oxidants in EOMA cells (Fig. 3a) . Results from the Amplex red assay demonstrated that in EOMA cells, nox-4 is a significant contributor to H 2 O 2 production (Fig. 3b) . To examine the significance of nox-4 in EOMA cells, stable transfectants were generated by using nonreplicating lentiviral particles designed as either nox-4 shRNA or control shRNA. This approach effectively downregulated both nox-4 gene and protein ( Fig. 4a and b) and reduced H 2 O 2 production (Fig. 3b) .
Hydrogen peroxide is known to stimulate angiogenesis and cell proliferation, two fundamental events in tumor development. Our observation that EOMA cells possess only the nox-4 isoform of gp91 led to the hypothesis that it may play a central role in EC tumor development. To test this hypothesis, we injected 129P=3 mice with EOMA cells stably transfected with either control shRNA or nox-4 shRNA. It should be 
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noted that EOMA cells are derived from a spontaneously arising kaposiform hemangioendothelioma (KHE) in 129 P=3 mice, so they are syngeneic with this strain, enabling these tumors to be studied in the context of a completely functional immune system. Mice injected with EOMA cells develop KHE with 100% efficiency. As result of KHE formation, the mice sequester platelets and red blood cells within the tumor itself, resulting in anemia, high-output heart failure, and death (a process that also can occur in humans with KHE) beginning *7 days after EOMA cell injection. KHE specimens were harvested 7 days after EOMA cell injections. The mice that received the nox-4 knockdown EOMA cells demonstrated significantly smaller KHE compared with those that received EOMA cells transduced with control shRNA (Fig. 4c) . The finding that nox-4 plays a significant role in stimulating EC tumor development then led to a series of experiments to determine the mechanisms mediating the effects of nox-4. We previously showed the MCP-1 is required for EC tumor formation (20) . MCP-1 may represent the final common end point of an underlying series of signaling events that lead to EC tumor formation. An siRNA approach was used to determine whether nox-4 stimulates MCP-1 expression in EOMA cells. Knockdown of nox-4 activity in EOMA cells was confirmed by using real-time PCR and Western blot ( Fig. 5a  and b) . Knockdown of nox-4 resulted in a statistically significant decrease in MCP-1 gene as well as protein expression (Fig. 5c and d) .
Next, the significance of nox-4 to stimulate angiogenic responses in EOMA cells was investigated. Angiogenic capacity is required for solid-tumor growth of any kind, but in EC tumors, it uniquely represents the growth capacity of the tumor itself. Injected EOMA cells establish a connection with the host vasculature to become blood-filled=perfused tumors. These lesions do not metastasize but have aggressive local growththrough progressiveunregulated angiogenesis.Knockdown of nox-4 resulted in a dramatic decrease in the angiogenic properties of EOMA cells in Matrigel (Fig. 6a and b) . This response was objectively scored by measuring the area within enclosed angiogenic rings (Fig. 6c) .
Dysregulated cell proliferation is a hallmark of tumor formation, and NADPH oxidase has been shown to regulate EC proliferation (9) . To investigate whether nox-4 influenced cellcycle regulation, a BrdU assay was performed on EOMA cells transduced with lentiviral shRNA particles containing either control shRNA or nox-4 shRNA. Knockdown of nox-4 resulted in a significant decrease in EOMA cell proliferation (Fig. 7a) . More precisely to determine where nox-4 influences the progression through the cell cycle, flow-cytometry studies were conducted by using propidium iodide. When nox-4 expression was downregulated, cells accumulated at the G 2 -M transition (Fig. 7b) , suggesting that nox-4 allows cells to bypass the post-replicative checkpoint that prevents damaged DNA from being duplicated. Thus, results from cell-cycle analyses suggested that nox-4 may contribute to DNA damage, another hallmark of the neoplastic transformation process. If nox-4 is localized in the nuclear membrane, it would suggest that the ROS produced as a result of its activity would be localized in the nuclear=perinuclear compartment. Such distribution of ROS would have DNA within striking 
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distance, causing oxidative modification of DNA. Immunofluorescence studies revealed localization of nox-4 in the nuclear membrane (Fig. 8a) . Knockdown of nox-4 attenuated the immunofluorescence signal, demonstrating specificity of the antibody used for nox-4. To obtain direct evidence on H 2 O 2 localization in EOMA cells, DCF was microinjected into single cells. DCF oxidation was highly prominent in the nuclear compartment. Such a nuclear DCF oxidation signal was eliminated by microinjection of catalase in the nucleus, demonstrating that the nucleus of EOMA cells is loaded with high levels of H 2 O 2 (Fig. 9) . In this study, catalase was co-injected with streptavidin-based Qdot label to verify the location of the injection. This experiment was repeated by using catalase without the Qdot to demonstrate that the lack of DCF fluorescence was not due to masking from the red fluorescent streptavidin (see Supplemental Fig. 1 ; www.liebertonline .com=ars). Taken together, these results indicate that nox-4 is localized to the nuclear membrane in tumor-forming EOMA cells and that the H 2 O 2 generated as a result of nox-4 activity is abundant in the nuclear compartment. 
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Finally, to determine whether the finding of nox-4 localization to the nuclear membrane is biologically significant, we measured the levels of oxidatively modified DNA in the urine of mice with KHE by using an 8-hydroxy-2'-deoxyguanosine (8-OHdG) ELISA kit. Pooled urine specimens were collected from 129 P=3 mice at multiple points before and after EOMA cell injection. Compared with baseline levels, a significant increase was found in the amount of oxidized DNA excreted in the urine, correlating with tumor progression (Fig. 10a) . For nox-4 activity to result in DNA oxidation, the H 2 O 2 produced would have to be converted to hydroxyl radicals. We postulated that this would occur through Fe 2þ , which is abundant in the nucleus. To test this hypothesis, mice injected with EOMA cells were treated with deferoxamine (DFO), an iron chelator. Mice that received a daily dose of DFO (100 mg=kg), given by intraperitoneal (IP) injection, had significantly smaller tumors compared with mice receiving an IP injection of PBS (100 ml) vehicle control ( Fig. 10b and c) .
Discussion
NADPH oxidases represent an enzyme system now implicated in the etiology of a wide range of diseases (1, 4, 7, 12, 15, 17, 22, 23, 30, 33, 34, 39, 42, 47, 49) . NADPH oxidases represent the major source of ROS production in ECs (1, 4, 17, 23, 39) . Seven homologues of gp91 exist: nox-1, nox-2, nox-3, nox-4, nox-5, duox1, and duox 2. Nox-5 is absent in rodents (27) , and nox-1, nox-2, nox-4, and nox-5 are reported to be found in human ECs (18) . This work recognizes nox-4 as the primary form of the gp91 catalytic subunit of NADPH oxidase that is abundant in EOMA cells. Compared with non-tumorforming cells such as MAE, the presence of nox-4 as the sole NADPH oxidase enzyme is unique to EOMA cells. The fact that EOMA cells express only nox-4 and that it deviates from other reported profiles of endothelial cells as possessing some combination of nox-1, nox-2, and nox-4 leads to the speculation that change in the gp91 expression profile occurs as a result of the tumor-initiation process. For example, recent reports linking mutations in the gene for isocitrate dehydrogenase (IDH) with glioblastoma formation may represent such an initiating event, because IDH regulates NADPH production, the electron-donating substrate for NADPH oxidase (13, 44) . The fact that EOMA expresses only nox-4 implicates this isoform of gp91 as part of the pathology linked to hemangioendothelioma formation. This hypothesis is supported by results of this study, demonstrating that knockdown of nox-4 expression in EOMA cells attenuates the formation of hemangioendothelioma in vivo. This observation also is supported by recently published independent concurrent work in nude mice, demonstrating that a nox-4 inhibitor, fulvene-5, blocks growth of endothelial tumors in mice (6) . Our results are based on data from immunocompetent mice that uniquely address additional key issues such as (a) Pooled urine samples were collected on specified days from mice injected with EOMA cells. 8-Hydroxy-2'-deoxyguanosine (8-OHdG) was detected in the urine. No difference in 8-OHdG levels at day -3 and day 0, but days 3, 5, and 7 all had significantly elevated levels compared with baseline=day 0 values (**p < 0.01, ANOVA). To determine whether ferrous iron contributed to oxidative modification of DNA, tumor-bearing mice were treated with deferoxamine (DFO), an FDAapproved drug that functions as an iron chelator. Mice received daily intraperitoneal (IP) injection of either 0.1 ml of PBS (vehicle control) or DFO (100 mg=kg) beginning at day -1 relative to EOMA cell injection. KHE samples were collected at 7 days after EOMA cell injection, and calipers were used to measure (b) volume (lengthÂwidthÂheight) and (c) mass. Mice treated with DFO had significantly smaller KHE for both volume and weight. **p < 0.01. the nuclear redox compartment, which in turn leads to the recognition of a potential urinary biomarker. Furthermore, taken together with our previous work on this project, the current work recognizes a key interplay between nox-4 and MCP-1 in driving the formation of hemangioendothelioma in vivo (20) . MCP-1 is a particularly important target because it has been linked to poor clinical outcomes in humans for many other solid tumors (24, 29, 41, 43, 45, 48) . In this work, we report that knockdown of nox-4 in EOMA cells inhibits MCP-1 expression markedly.
Current studies in redox signaling underscore the key issue of redox compartmentalization (23, 33, 39, 49) . This addresses the issue of how freely diffusible ROS can activate redox signaling. Subcellular distribution of NADPH oxidases has an important bearing on intracellular redox compartments (49) . This work presents the first evidence demonstrating that in EOMA cells, nox-4 derived ROS floods the nuclear compartment. The primary form of ROS derived from nox-4 is H 2 O 2 . Microinjection of catalase into subcellular compartments was instrumental in recognizing the DCF oxidation signal as being H 2 O 2 . The implications of these results are substantial, because oxidant loading in the nucleus makes nuclear DNA susceptible to oxidative modification. The significance of our nox-4-dependent nuclear H 2 O 2 loading observation was substantially enhanced when we were able to detect oxidatively modified DNA In the urine of mice with hemangioendothelioma. The 8-OHdG levels are known to be elevated in the urine of humans with different types of cancers (50) . These observations lead to the hypothesis that the observed nox-4-dependent nuclear oxidant loading is directly implicated in neoplastic transformation. Such a hypothesis is supported by our observation that iron chelation by DFO attenuates the size of hemangioendothelioma in vivo. It is well known that H 2 O 2 alone may not be sufficient to trigger oxidative DNA damage. In the presence of ferrous iron, H 2 O 2 may generate hydroxyl radical, which in turn may cause oxidative DNA damage, resulting in 8-OHdG formation and excretion (46) .
In sum, the current state of information connects nox-4 to MCP-1 to form a major axis of control that regulates the fate of hemangioendothelioma development in vivo (see Fig. 11 ). This axis of control drives three interrelated processes: inflammation, angiogenesis, and cancer. Many examples exist of cancers arising in the setting of chronic inflammation, such as squamous cell carcinomas arising in chronic wounds. The converse observation that inflammation is present in cancers without an underlying chronic inflammatory condition also is true. The vast literature on the role of antiinflammatory cycloxygenase-2 inhibitors in suppressing the growth of colon, rectal, gastric, prostate, breast, thyroid, and skin cancers provides clear support for this concept. The overlap between inflammation and neoplastic transformation may be attributable to the fact that the same molecular events that trigger inflammation also trigger angiogenesis, which is required for the tumor to survive and propagate (11, 36) . Thus, tumor-forming cells co-opt these pathways as part of the malignant transformation process. The nox4-MCP-1 axis is at the nexus of these pathways and represents high-value targets for the design of therapeutic strategies.
FIG. 11.
The Nox-4-MCP1 axis of control for hemangioendothelioma formation. Nox-4-derived hydrogen peroxide drives MCP-1 expression, which was previously shown to be a key driver of HE formation. Nox-4-derived nuclear hydrogen peroxide, through an Fe 2þ -dependent mechanism, causes oxidative modification of DNA, forming 8-OHdG. 8-OHdG clears through the urine of tumor-bearing mice and may be considered a biomarker candidate. Inset: Appearance of hemangioma or hemangioendothelioma tumor in children (informed consent obtained). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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